At least 45 independent origins of the C 4 photosynthetic pathway from the ancestral C 3 pathway have occurred within the angiosperms (Sage, 2004) . The primary driver for the evolution of the pathway is believed to be the reduction in atmospheric CO 2 concentrations to near present-day levels, which were reached at the Oligocene/Miocene boundary about 24 million years ago, with other environmental factors such as heat, aridity, and salinity also playing important roles in the development and expansion of the C 4 syndrome (Sage, 2004; Osborne and Beerling, 2006; Tipple and Pagani, 2007; Christin et al., 2008; Vicentini et al., 2008) . The plants that evolved as a result of these selective pressures were able to concentrate CO 2 in their leaves because of an exquisite blend of anatomy and biochemistry (Hatch, 1987) . In contrast, in this reduced atmospheric CO 2 world, C 3 plants showed losses in assimilated CO 2 and increased photorespiratory rates due to increased oxygenase activity of Rubisco. These responses were only exacerbated in hot, dry, high-light, and saline conditions, and consequently, C 3 plants were out-competed by C 4 species in such environments (Ehleringer and Monson, 1993; Long, 1999) .
Unlike C 3 plants, in which all of the reactions of photosynthesis take place in leaf mesophyll cells, in most terrestrial C 4 plants, two cell types, the mesophyll cells and bundle sheath cells, are involved in the reactions of CO 2 assimilation. In C 4 leaves, the acquisition of atmospheric CO 2 occurs in the cytosol of mesophyll cells when the enzyme carbonic anhydrase (CA) converts CO 2 to bicarbonate, which is then used by the primary carboxylase of C 4 plants, phosphoenolpyruvate carboxylase (PEPC; Hatch and Burnell, 1990) , to form a C 4 acid. The four-carbon acid diffuses into a neighboring bundle sheath cell, where it is decarboxylated. Rubisco and the other enzymes of the photosynthetic carbon reduction cycle, located in the bundle sheath cell chloroplasts, reduce the released CO 2 and the remaining three-carbon compound diffuses back into the mesophyll cells, where it can undergo another round of the C 4 acid cycle. This combination of anatomical and biochemical characteristics, including the cell-specific expression of enzymes, results in an efficient CO 2 concentrating mechanism whereby the CO 2 level in the C 4 bundle sheath cells is up to 20 times that of the surrounding mesophyll cells and photorespiration is essentially eliminated (Jenkins et al., 1989) .
The enzymes catalyzing the steps in the C 4 pathway are also present in C 3 plants, and several, including PEPC (Hermans and Westhoff, 1990; Kawamura et al., 1992; Gowik et al., 2006) , NADP-malic enzyme (Rajeevan et al., 1991; Marshall et al., 1996; Drincovich et al., 1998; Lai et al., 2002; Tausta et al., 2002) , and pyruvate orthophosphate dikinase (Rosche et al., 1994; Imaizumi et al., 1997) , have been examined in the context of C 4 evolution. Many of these studies (Hermans and Westhoff, 1990; Rajeevan et al., 1991; Rosche et al., 1994; Marshall et al., 1996; Drincovich et al., 1998; Lai et al., 2002) used members of the genus Flaveria as model organisms for understanding the steps involved in the evolution of C 4 photosynthesis, because this group of closely related plants contains individual species demonstrating C 3 , C 4 , or intermediate C 3 -C 4 photosynthesis, indicating that the evolution toward C 4 photosynthesis is ongoing in this genus (McKown et al., 2005) . The results from several of these studies demonstrated that the genes encoding the enzymes important in C 4 photosynthesis evolved through the duplication of ancestral C 3 genes followed by the neofunctionalization of one copy, which involved increased gene expression in specific organs and cell types (for review, see Monson, 2003) . The other copies of the duplicated genes, which encode the C 3 forms of the enzymes and are involved in housekeeping functions, were maintained in the C 4 species and show levels of expression similar to those exhibited in C 3 species.
We are studying the enzyme CA (EC 4.2.1.1) in Flaveria species, which demonstrate different photosynthetic pathways, to gain insights into the evolution of C 4 photosynthesis (Ludwig and Burnell, 1995; Tetu et al., 2007) . We have shown that a small multigene family encodes b-CA in the C 4 species Flaveria bidentis and that the expression patterns of three of its members are organ specific. One of the genes, CA3, encodes the cytosolic form of the enzyme that is highly expressed in leaves and is responsible for catalyzing the first step in the C 4 pathway, providing PEPC with bicarbonate in mesophyll cells (von Caemmerer et al., 2004; Tetu et al., 2007) . F. bidentis CA2 is also a cytosolic enzyme; however, its cognate gene is expressed at similar levels in both photosynthetic and nonphotosynthetic tissues and the enzyme probably supplies bicarbonate to nonphotosynthetic forms of PEPC for anaplerotic functions . F. bidentis also contains a chloroplastic b-CA, CA1, which is likely to be encoded by an ortholog of the ancestral C 3 gene whose protein product is the CA that is active in C 3 mesophyll chloroplasts (Poincelot, 1972; Jacobson et al., 1975; Tsuzuki et al., 1985) , and may make up to 2% of soluble leaf protein in C 3 species (Okabe et al., 1984; Cowan, 1986) .
Although CA is an abundant and active protein in C 3 plants, the number of CA isoforms encoded by a C 3 species and their intracellular locations have been determined only for Arabidopsis (Arabidopsis thaliana; Fabre et al., 2007) . Furthermore, no unequivocal role has yet been assigned to any C 3 plant CA isoform. It has been suggested that C 3 chloroplastic b-CAs are responsible for maintaining adequate levels of CO 2 for Rubisco by facilitating the diffusion of CO 2 across the chloroplast envelope or through the rapid dehydration of bicarbonate to CO 2 (Reed and Graham, 1981; Cowan, 1986; Price et al., 1994) . However, CA antisense and gene knockout studies have shown no significant impairment in CO 2 assimilation in mature plant leaves (Majeau et al., 1994; Price et al., 1994; Williams et al., 1996; Ferreira et al., 2008) . Other work has suggested that chloroplastic b-CAs may have nonphotosynthetic roles, appearing to be involved in lipid biosynthesis (Hoang and Chapman, 2002) and disease resistance (Slaymaker et al., 2002; Restrepo et al., 2005; Wang et al., 2009) in C 3 plants. Interestingly, levels of a chloroplastic b-CA and a cytosolic b-CA increased during greening of Arabidopsis seedlings, and while levels of transcripts encoding the cytosolic enzyme mirrored those of the protein, transcript abundance for the chloroplastic enzyme did not change (Wang et al., 2006) . Cytosolic b-CAs of C 3 plants have been implicated in the provision of bicarbonate for nonphotosynthetic forms of PEPC (Fett and Coleman, 1994; Raven and Newman, 1994; Chollet et al., 1996) .
Here, we show that b-CA orthologs of F. bidentis CA1, CA2, and CA3 are present in the C 3 species Flaveria pringlei and that each CA gene exhibits organspecific expression patterns in this C 3 plant. We also report the intracellular location of the three CA isoforms, consider their probable physiological functions, and discuss these data in the context of the evolution of the C 4 photosynthetic pathway.
RESULTS

F. pringlei b-CA cDNAs
Western-and northern-blot analyses of a previous study suggested that a small multigene family codes for b-CA in F. pringlei (Ludwig and Burnell, 1995) ; however, only a single cDNA encoding the enzyme designated CA1 was isolated and described (GenBank accession no. U19737). cDNAs encoding two additional, distinct b-CA isoforms in F. pringlei leaf tissue, named CA2 and CA3, were obtained in the present study using a RACE PCR approach with a F. pringlei leaf adaptor-ligated cDNA library and primers based on CA sequences from the closely related F. bidentis (GenBank accession nos. AY167112 and AY167113).
The F. pringlei CA2 cDNA isolated was 1,178 bp and encoded an open reading frame (ORF) of 843 bp, which was predicted to code for a polypeptide of 281 amino acids with a molecular mass of 30.7 kD. Two inframe, upstream stop codons at positions 26 and 284, relative to the proposed translation start site, were encoded in the 87-bp 5# noncoding sequence, while the 245-bp 3# noncoding sequence contained two putative polyadenylation signals, AATAAC and AATAAT (Dean et al., 1986) , located 44 and 159 nucleotides from the proposed termination codon, respectively.
A 984-bp ORF was encoded by the F. pringlei CA3 cDNA, along with 32 and 141 bp of 5# and 3# noncoding sequence, respectively. An in-frame stop codon was found at position 26 relative to the proposed initiating Met, and a putative polyadenylation signal, AATAAA (Dean et al., 1986) , was found at position 1,080 of the cDNA. The ORF was predicted to encode a polypeptide of 328 amino acids with a molecular mass of 35.2 kD.
All of the amino acids corresponding to the pea (Pisum sativum) b-CA active site residues, namely Gln-151, Asp-162, Arg-164, Phe-179, Val-184, Tyr-205, and Gly-224 (Kimber and Pai, 2000) , are found in analogous positions in the F. pringlei CAs, except that Val-184 is replaced with an Ile residue in CA2, as is the case for F. bidentis CA2 ( Fig. 1 ; Tetu et al., 2007) . One His and two Cys residues, corresponding to His-220, Cys-160, and Cys-223 in the pea CA sequence and thought to coordinate the catalytic zinc ion (Provart et al., 1993; Bracey et al., 1994; Kimber and Pai, 2000) , are also present in all of the F. pringlei CA sequences (Fig. 1) .
A comparison of the predicted amino acid sequences of the three F. pringlei CAs showed that CA2 shares 51% and 53% identity with CA1 and CA3, respectively, while the CA3 and CA1 polypeptides are 73% identical (Table I ; Fig. 1 ). The deduced amino acid sequence of F. pringlei CA1 is 97% identical to that of the CA1 isoform from the C 4 species F. bidentis (Table I ; Fig. 1 ; Ludwig and Burnell, 1995) . A high level of sequence identity (93%) is also seen between F. pringlei and F. bidentis CA2 isoforms, while the CA3 proteins from the two species are 73% identical (Table I; Fig. 1 ). Higher sequence identity is seen between the two CA3 isoforms when they are compared over their shared region; the two sequences are 93% identical when the first 71 residues are excluded from the F. pringlei CA3 sequence.
Pairwise comparisons of the predicted F. pringlei CA amino acid sequences with those of the six b-CA isoforms identified in Arabidopsis (Fabre et al., 2007) showed that F. pringlei CA1 and CA3 share 66% sequence identity with AtbCA1 from Arabidopsis, while F. pringlei CA2 shows the highest identity to AtbCA4 (Table I) . These relationships were supported in a phylogenetic tree constructed using the neighborjoining method (Saitou and Nei, 1987) and the predicted b-CA amino acid sequences from F. pringlei, F. bidentis, and five other dicots (Arabidopsis, Glycine max, Medicago truncatula, Populus trichocarpa, and Vitis vinifera), three monocots (Oryza sativa japonica, Sorghum bicolor, and Zea mays), a lycopod (Selaginella moellendorffii), and a moss (Physcomitrella patens) for which whole genome sequence information is known (Fig. 2) . Midpoint rooting of this tree resolved the CA sequences into two major clusters, clades A and B. Clade A consists only of angiosperm CA sequences, with a dicot clade in which all of the Flaveria CA sequences cluster and a smaller monocot clade. Clade B contains the CA sequences from the primitive plants in addition to angiosperm CA sequences. The clustering of F. pringlei CA1 and CA3 sequences with those of F. bidentis indicates that these isoforms share a common ancestry and have resulted from a duplication event of the gene encoding CA1 after the divergence of Flaveria from the other dicots represented in this part of the tree, but before F. pringlei and F. bidentis diverged from one another. The two Arabidopsis CA sequences, AtbCA1 and AtbCA2, which show the greatest sequence identity of all the Arabidopsis CAs to F. pringlei CA1 and CA3 (Table I) , are in the sister clade and are a result of a large segmental duplication of the Arabidopsis genome (Arabidopsis Genome Initiative, 2000) . The CA2 sequences from F. pringlei and F. bidentis also cluster tightly; however, they are in a clade distinct from that containing the CA1 and CA3 sequences. Two Arabidopsis sequences, AtbCA3 and AtbCA4, which have also arisen through the duplication of a large segment of the Arabidopsis genome (Arabidopsis Genome Initiative, 2000), cluster with the Flaveria CA2 sequences, along with sequences encoding CA isoforms from two legumes and a woody plant.
To examine the complexity of the F. pringlei b-CA multigene family, genomic Southern-blot analyses were done. Total genomic DNA from F. pringlei leaf tissue, digested with restriction enzymes that did not cut within the CA1, CA2, or CA3 ORFs, was probed with a 32 P-radiolabeled 633-bp fragment liberated from the F. pringlei CA2 cDNA by HindIII digestion (Fig. 3) . As F. pringlei CA1 and CA3 cDNAs share 66% sequence identity with CA2 over the region encoded by the probe, it was expected that the probe would hybridize to fragments encoding these CA genes as well as any additional closely related sequences. EcoRI digestion of F. pringlei genomic DNA produced two intensely labeled fragments of approximately 3.5 and 1.7 kb as well as three weakly hybridized bands of 7.6, 2.8, and 0.56 kb (Fig. 3) . A relatively simple labeling pattern was also seen in XbaI digests of F. pringlei genomic DNA. Three fragments of approximately 8, 2.4, and 2.2 kb were strongly labeled, with two weakly hybridized bands of 1.7 and 1.6 kb also detected (Fig.  3) . These results confirm that b-CA is encoded by a small multigene family in F. pringlei (Ludwig and Burnell, 1995) .
To elucidate the locations and the possible physiological roles of the three F. pringlei b-CA isoforms, the expression patterns of their cognate genes in photosynthetic and nonphotosynthetic tissues were determined using quantitative reverse transcription (qRT)-PCR. Overall CA gene transcript levels were at least 2 orders of magnitude higher in F. pringlei leaves than in Figure 1 . Alignment of the deduced amino acid sequences of F. pringlei b-CAs with those of F. bidentis and pea. Identical amino acids and conservative changes are shaded. Dashes represent gaps inserted to maximize the alignment. Amino acids in the proposed active site and those acting as zinc ligands, based on the pea b-CA sequence (Kimber and Pai, 2000) , are marked with asterisks and dots, respectively. The arrow denotes the predicted cleavage site in plastidial C 3 dicot b-CAs Roeske and Ogren, 1990) . GenBank accession numbers are as follows: pea, M63627; F. bidentis CA1, U08398; F. bidentis CA2, AY167112; F. bidentis CA3, AY167113.
root and flower tissues (Fig. 4) , with transcripts from all three CA genes detected in leaves (Fig. 4A ). In contrast to this, in roots and flowers, only CA1 and CA2 mRNAs were measurable (Fig. 4 , B and C); however, both were much lower in abundance in nongreen tissues than in leaves.
The relative abundance of CA gene-specific transcripts also differed between the organs. In the leaves of the three F. pringlei plants tested, CA1 and CA3 mRNA levels were essentially equal and at least 10 times higher than those of CA2 transcripts (Fig. 4A ). In contrast, steady-state levels of CA2 gene transcripts were at least 150 times more abundant than CA1 mRNA levels in the root tissues of the three plants examined, while CA3 mRNA was not detected in these tissues (Fig. 4B ). The CA2 gene was also the most highly expressed of the three CA genes in F. pringlei flowers. CA2 mRNA levels were at least 12 times higher than CA1 transcripts and, as in roots, CA3 gene activity was not detected in flowers.
Localization of F. pringlei b-CA Isoforms
An affinity-purified, anti-F. bidentis CA3 antiserum was used to immunolocalize b-CAs in F. pringlei leaves. Three polypeptides of approximately 32 kD and a doublet of 28 and 30 kD were intensely labeled on immunoblots of F. pringlei leaf extracts following SDS-PAGE (Fig. 5A ). When transverse sections of F. pringlei leaves were labeled for immunofluorescence microscopy with the same antiserum, fluorescence was detected at the periphery of the cells, in the thin layer of cytoplasm surrounding the large central vacuole (Fig. 5D ). Comparison of immunolabeled sections with methylene blue-stained transverse sections (Fig. 5, B and C) showed that most of the labeling was composed of rings of bright fluorescent dots surrounding the large starch grains, which filled most of the mesophyll chloroplasts (Fig. 5 , compare C and D). A lower level of fluorescence was detected in the cytoplasm (Fig. 5D ). Only background autofluorescence was detected in F. pringlei leaf sections labeled with preimmune serum in place of the anti-F. bidentis CA3 antibody (Fig. 5E ).
Sequence comparisons ( Fig. 1 ) indicated that the N-terminal regions of F. pringlei CA1 and CA3 exhibit characteristics of chloroplast transit peptides, having a low number of charged amino acids but being relatively enriched in hydroxylated residues (von Heijne et al., 1989) . In contrast, the N-terminal region of F. pringlei CA2 does not demonstrate these properties (Fig. 1) . The cleavage site for the transit peptide of chloroplast-targeted b-CAs has been determined empirically for spinach (Spinacia oleracea; Burnell et al., 1990) and pea (Roeske and Ogren, 1990) by N-terminal sequencing of the purified enzymes, with the mature proteins starting at Gln-106 and Glu-98, respectively. Interestingly, the amino acid residues immediately N terminal to these processing sites are highly conserved among plant b-CAs (Fig. 1) , regardless of whether the N terminus appears to encode a chloroplast transit peptide. In silico analyses using protein targeting prediction programs, including ChloroP (Emanuelsson et al., 1999) , TargetP (Emanuelsson et al., 2000) , Predotar (Small et al., 2004) , iPSORT (Bannai et al., 2002) , and WoLF PSORT (Horton et al., 2007) , also consistently predicted the presence of a transit peptide and/ or a location in the chloroplast for F. pringlei CA1 and CA3, whereas no clear location or a cytosolic location was predicted for F. pringlei CA2 (data not shown).
Since sequence analysis and protein targeting prediction programs provide only an indication of the intracellular location of a protein, in vitro chloroplast import studies were done to determine which of the F. pringlei b-CA isoforms localize to the organelle. When in vitro transcribed and translated F. pringlei CA1 and CA3 precursor proteins (Fig. 6 , lane 1) were incubated with pea chloroplasts under conditions that supported import, lower molecular mass forms of the proteins were detected in the chloroplast pellets (Fig. 6, lane 2) . Table I . Identity matrix of F. pringlei, F. bidentis, and Arabidopsis b-CA predicted amino acid sequences Pairwise alignments were made using ClustalW, and percentage identities were determined using MacVector 9.0 Sequence Analysis Software (Accelrys). FpCA1 to FpCA3, F. pringlei CA1 to CA3; FbCA1 to FbCA3, F. bidentis CA1 to CA3 ; AtbCA1 to AtbCA6, Arabidopsis b-CA1 to b-CA6 (Fabre et al., 2007 This was also the case for the small subunit (SSU) of Rubisco, which served as a positive import control protein (Fig. 6, lanes 1 and 2) . These processed proteins were protected from digestion by the protease thermolysin due to their location within the chloroplasts (Fig. 6, lane 3) . In contrast, F. pringlei CA2 does not localize to the chloroplast. Import assays involving CA2 precursor protein (Fig. 6 , lane 1) did not result in the appearance of a lower molecular mass polypeptide in the chloroplast fraction (Fig. 6, lane 2) , nor could the precursor protein be detected after thermolysin was added to the assays (Fig. 6, lane 3) . No clear correspondence was seen between the sizes of the precursor and/or imported CA isoforms and the immunoreactive polypeptides in F. pringlei whole leaf extracts. This is probably largely due to differences between posttranslational modifying mechanisms of F. pringlei chloroplasts and the heterologous in vitro system.
DISCUSSION
We are focused on understanding the steps involved in the molecular evolution of the C 4 photosynthetic pathway from the more ancestral C 3 pathway. We have concentrated our attention on the evolution of b-CA isoforms that are involved in both CO 2 assimilation pathways, and we have used the genus Flaveria as a model system for our studies because it contains individual species that demonstrate C 3 , C 4 , or C 3 -C 4 intermediate photosynthesis (Ludwig and Burnell, 1995; Tetu et al., 2007) . We have recently characterized the b-CA isoforms prevalent in the leaf tissue of the C 4 species F. bidentis with respect to their gene expression patterns and intracellular locations . Here, we have shown that, as in F. bidentis, F. pringlei b-CAs are encoded by a small multigene family, that F. pringlei b-CA genes also exhibit organ-specific expression, and that there are cytosolic and chloroplastic forms of the enzyme in this C 3 species. These studies have not only identified the dominant b-CA isoforms Figure 3 . Genomic Southern-blot analysis of F. pringlei b-CA genes. Genomic DNA (10 mg) isolated from F. pringlei leaf tissue was digested to completion with EcoRI and XbaI. DNA fragments were separated on a 0.8% agarose gel, blotted to a positively charged nylon membrane, and hybridized with a 32 P-labeled 633-bp HindIII restriction fragment derived from F. pringlei CA2. Molecular size markers in kb are indicated. in the leaves of these species but also offer the unique opportunity to compare the structure, expression patterns, and putative functions of leaf b-CAs from two closely related species that use different photosynthetic pathways, thereby allowing the identification of molecular changes that occurred in b-CA genes during the evolution of C 4 photosynthesis. Three cDNAs encoding distinct b-CA isoforms were isolated from F. pringlei leaf lgt11D (CA1; Ludwig and Burnell, 1995) and adaptor-ligated (CA2 and CA3; this study) cDNA libraries. Our genomic Southern-blot analyses are consistent with the F. pringlei genome encoding three b-CA genes; however, we cannot exclude the existence of other members of this multigene family. If additional b-CA genes are present in F. pringlei, then their expression levels are very low and/or their transcripts are highly unstable, as multiple screens of all our F. pringlei cDNA libraries, as well as numerous RT-PCR assays using cDNA derived from various organs and multiple plants, have not yielded fragments encoding other distinct b-CA isoforms. As shown in Figure 2 , current information from whole genome sequencing projects indicates that between two and six distinct CA isoforms are encoded in the genomes of terrestrial plants. Whether a correlation exists between the taxonomic position of a species and the number of b-CAs its genome encodes awaits further whole genome sequence determination. The amino acid sequences deduced from the F. pringlei CA cDNAs showed identity to the predicted b-CA sequences from other C 3 and C 4 plants. Residues required for the formation of the active site cleft (Kimber and Pai, 2000) and coordination of the zinc ion in the active site of pea b-CA (Provart et al., 1993; Bracey et al., 1994; Kimber and Pai, 2000) were in equivalent positions in all of the F. pringlei CA sequences with one exception. F. pringlei CA2 has an Ile at the position corresponding to Val-184 of pea b-CA. In pea b-CA, this residue is thought to contribute to a continuous hydrophobic surface in the binding pocket (Kimber and Pai, 2000) . As the side chain of Ile is more nonpolar than that of Val, the hydrophobic nature of the pocket would be maintained with the former residue. The CA2 orthologs from F. bidentis ( Fig. 1 ; Tetu et al., 2007) , the C 3 -C 4 intermediate species, Flaveria linearis (GenBank accession no. U19740), and all of the Arabidopsis b-CA isoforms except AtbCA6 (Fabre et al., 2007) also have an Ile in this position.
Reconstruction of the phylogenetic relationships between b-CA sequences from two primitive plants and angiosperms, including monocots and herbaceous and woody dicots, showed the sequences clustered into two large clades. One clade contained the sequences of some angiosperm b-CAs and all those of the primitive plants. In contrast, the other major clade contained b-CA sequences from only angiosperms, and all of the Flaveria sequences used in the analysis clustered in two sister groups within it. The positions of the Flaveria CA1 and CA3 sequences in the phylogeny indicate that they have arisen through a duplication of the gene encoding a chloroplastic form of the enzyme in the ancestral C 3 Flaveria species. Mutations in coding and control regions of the CA3 gene in the C 4 species then resulted in the changes in intracellular location and expression demonstrated by the presentday C 4 enzyme (see below).
Although localization information is known for all of the b-CA isoforms in just three species represented in our neighbor-joining tree, Arabidopsis, F. pringlei, and F. bidentis, it is worthwhile noting that there is no consistent correlation between the phylogenetic position of a b-CA isoform and its intracellular location. For example, chloroplastic CAs from F. pringlei (CA1 and CA3) and chloroplastic (AtbCA1) and cytosolic (AtbCA2) CAs from Arabidopsis (Fabre et al., 2007) share relatively high sequence identity and cluster together in the tree. The AtbCA1 and AtbCA2 genes, as well as those encoding AtbCA3 and AtbCA4, which localize to the cytosol and plasma membrane, respectively (Fabre et al., 2007) and also cluster tightly in the tree, evolved from large segmental duplications of the Arabidopsis genome with subsequent divergence (Arabidopsis Genome Initiative, 2000). As for F. pringlei CA1 and CA3, the evolutionary relationships of the Arabidopsis genes and the intracellular locations of the encoded proteins strongly support the notion that gene duplication events provide the material for genome evolution, including the potential for novel gene pathways and differential gene expression patterns (Zhang, 2003) .
F. pringlei Contains Two Chloroplastic b-CAs
Most CA activity in C 3 species is found in the stroma of mesophyll cell chloroplasts (Poincelot, 1972; Jacobson et al., 1975; Tsuzuki et al., 1985) , and recent work on the oligomeric stromal proteome of Arabidopsis showed that AtbCA1 is a prevalent protein in this subcellular compartment, making up about 1% of the total stromal mass (Peltier et al., 2006) .
Our results also indicate that b-CAs are abundant proteins in the photosynthetic tissues of F. pringlei. Transcripts from all three CA genes were detected in the first fully expanded leaves of F. pringlei plants using qRT-PCR. CA1 and CA3 gene transcripts were of equal abundance in the three plants tested and 1 order of magnitude greater than steady-state levels of CA2 mRNA. Although there is not always a direct correlation between transcript abundance and protein amount (Gygi et al., 1999) , our immunoblot analyses showed that b-CA is a prevalent protein in F. pringlei leaves; three polypeptides in leaf protein extracts of approximately 32 kD and a doublet of 30 and 28 kD labeled strongly with an antiserum generated against F. bidentis CA3. The relative mobilities of these polypeptides agree with the sizes predicted from their deduced amino acid sequences when the putative cleavage site of chloroplastic b-CAs ( Fig. 1 ; Burnell et al., 1990; Roeske and Ogren, 1990 ) is used for CA1 and CA3. The doublet in Figure 5A represents the two chloroplastic isoforms, while the largest immunoreactive protein corresponds to the cytosolic CA2, which is unprocessed. We previously reported the detection of two immunoreactive proteins using an anti-spinach b-CA antiserum to probe F. pringlei leaf protein extracts (Ludwig and Burnell, 1995) ; however, upon closer inspection, the lower labeled band on these earlier blots has twice the intensity of the upper band and most likely represents the CA1 and CA3 doublet.
The N termini of F. pringlei CA1 and CA3 have characteristics of chloroplast transit peptides, including an enrichment of Ser and Thr residues and a relatively low number of acidic amino acids (von Heijne et al., 1989) . The results of protein targeting and localization prediction programs (Emanuelsson et al., 1999 (Emanuelsson et al., , 2000 Bannai et al., 2002; Small et al., 2004; Horton et al., 2007) also suggested that CA1 and CA3 are targeted to the chloroplast stroma. Indeed, using the anti-F. bidentis CA3 antiserum to label F. pringlei leaf sections, we detected CA in the chloroplasts of mesophyll cells. Unequivocal evidence for a chloroplast location of F. pringlei CA1 and CA3 was obtained through in vitro import assays. CA1 and CA3 precursor polypeptides were imported into isolated pea chloroplasts, and concomitant with import was processing of the CA1 and CA3 precursors to lower molecular mass polypeptides, which were protected from externally added protease. Work with other C 4 photosynthetic enzymes from C 3 and C 4 Flaveria species has shown that alterations in gene expression patterns occurred during the evolution of the C 4 forms of the enzymes, which have resulted in their increased levels of expression and celland organ-specific expression patterns (Marshall et al., 1996; Drincovich et al., 1998; Rosche et al., 1998; Lai et al., 2002; Gowik et al., 2004) . Similar modifications are anticipated to have occurred during the evolution of the gene encoding the C 4 form of b-CA. In addition, changes in protein targeting signals likely evolved, because in contrast to C 3 plants (Poincelot, 1972; Jacobson et al., 1975; Tsuzuki et al., 1985) , CA activity is significantly less in C 4 chloroplasts and much higher in the C 4 mesophyll cytosol (Gutierrez et al., 1974) .
We have identified orthologs of F. pringlei CA1, CA2, and CA3 in the C 4 Flaveria species, F. bidentis (Cavallaro et al., 1994; Ludwig and Burnell, 1995; Tetu et al., 2007) . F. bidentis CA1 and CA2 show 97% and 93% sequence identity with the corresponding F. pringlei proteins, and like the F. pringlei proteins, they localize to the chloroplast and cytosol, respectively . In contrast, F. bidentis CA3 is a cytosolic isoform, while F. pringlei CA3 is a chloroplastic enzyme. We have shown that F. bidentis CA3 is the b-CA isoform providing bicarbonate for PEPC in the cytosol of mesophyll cells, that this isoform is expressed at high levels in leaves, and that this high level of expression is required for the proper functioning of the C 4 photosynthetic pathway in F. bidentis (von Caemmerer et al., 2004; Tetu et al., 2007) .
Comparison of the deduced amino acid sequences of F. bidentis and F. pringlei CA3 cDNAs shows that the initiating Met of F. bidentis CA3 aligns with Met-72 of F. pringlei CA3, which is just C terminal to the region of the F. pringlei protein that shows similarities to a chloroplast transit peptide (Fig. 1) . The two sequences are 93% identical over this shared region, with nearly half of the differences being conserved amino acid changes. From the results presented here and previously , we suggest that a duplication event occurred in the ancestor of C 3 Flaveria species such that two copies of the gene encoding chloroplastic b-CA resulted (e.g. CA1 and CA3). Subsequently, during the evolution of C 4 Flaveria species from their C 3 ancestors, neofunctionalization of the CA3 gene occurred, and this involved mutations that resulted in the loss of the nucleotides encoding the chloroplast transit peptide. The consequence of this loss was the retention and operation of the CA3 protein in the C 4 mesophyll cytosol.
Other mutation(s) in the CA3 gene during the evolution of C 4 Flaveria species resulted in the up-regulation of its expression. A cis-regulatory element, the mesophyll expression module 1 (Mem1), has been identified in the upstream region of the Flaveria C 4 PEPC gene and was shown to be responsible for its high mesophyll-specific expression (Gowik et al., 2004) . We have identified a Mem1-like element in the upstream region of the F. bidentis CA3 gene (data not shown), and work is continuing to determine if it directs high levels of expression of this gene in the C 4 mesophyll.
Plastidial CA Isoforms Have Multiple Functions
Current opinion regarding the function of b-CA in C 3 chloroplasts is that the enzyme facilitates the diffusion of CO 2 into the organelle, ensuring that adequate supplies of CO 2 are available for Rubisco carboxylase activity (Reed and Graham, 1981; Cowan, 1986; Price et al., 1994) . Modeling studies (Cowan, 1986) , a decrease in carbon isotope discrimination in transgenic tobacco (Nicotiana tabacum) plants with severely reduced CA activity (Price et al., 1994; Williams et al., 1996) , the coelution of b-CA and Rubisco, along with other enzymes of the photosynthetic carbon reduction cycle, in multienzyme complexes (Jebanathirajah and Coleman, 1998) , and the colocalization of b-CA and Rubisco in sections of pea chloroplasts (Anderson and Carol, 2004) are consistent with this hypothesis. The lack of a significant effect on CO 2 assimilation when CA activity was reduced using antisense and gene knockout technologies (Majeau et al., 1994; Price et al., 1994; Ferreira et al., 2008) , except during early seedling development in Arabidopsis (Ferreira et al., 2008) , however, argues against chloroplastic b-CA in C 3 plants having a major role in photosynthesis.
A number of studies have provided evidence indicating nonphotosynthetic roles for plastidial b-CAs, including involvement in lipogenesis in both photosynthetic and nonphotosynthetic tissues by supplying bicarbonate to acetyl-CoA carboxylase (Hoang et al., 1999; Hoang and Chapman, 2002) and in plant defense by acting as a salicylic acid-binding protein (Slaymaker et al., 2002) . Wang et al. (2009) have suggested that these two roles may be linked, as evidence exists for plant defense pathways being regulated by lipidbased signals (Nandi et al., 2004; Chandra-Shekara et al., 2007) .
Our results are consistent with these multiple roles of plastidial b-CA(s). CA1 and CA3 transcripts were at least 10 times more abundant than those of the CA2 gene in F. pringlei mature leaves. Furthermore, because CA3 mRNA was below detection in F. pringlei roots and flowers and CA1 transcripts were measurable in both organs, albeit at lower levels than CA2 transcripts, it is not unreasonable to suggest that CA3 may be the isoform involved in CO 2 assimilation whereas CA1 may carry out nonphotosynthetic functions, such as antioxidant activity and providing carbon for fatty acid synthesis. We have recently suggested that CA1 in the C 4 F. bidentis carries out the same role(s); consequently, the ancestral C 3 function of CA1 has been maintained in the C 4 Flaveria.
Arabidopsis also contains two chloroplastic b-CAs; however, unlike the nearly equal steady-state levels of F. pringlei CA1 and CA3 transcripts, AtbCA1 signatures from massively parallel signature sequencing (Nakano et al., 2006) are 25 to 100 times higher than AtbCA5 signatures in leaves (http://mpss.udel.edu/at/). This disparity holds at the protein level, with quantification of the stromal proteome demonstrating that AtbCA1 is at least 2 orders of magnitude more abundant than AtbCA5 (Zybailov et al., 2008) . In roots, AtbCA5 transcripts are 10 times more abundant than those of AtbCA1 (http://mpss.udel.edu/at/). The ability of two b-CAs to function in different pathways in the same intracellular compartment may be accommodated by differing biochemical and physicochemical properties and/or the organization of the isoforms into distinct macromolecular complexes and metabolic channeling (Winkel, 2004) . Examination of these characteristics may resolve the functions of plastidial b-CAs in both C 3 and C 4 plants, and experiments are ongoing.
F. pringlei CA2 Encodes a Cytosolic Enzyme
Our immunolabeling studies of F. pringlei leaf sections indicated that a cytosolic b-CA, as well as chloroplastic forms of the enzyme, are present in this C 3 species. Strong support for the existence of a cytosolic b-CA in F. pringlei came from in vitro import assays that showed that no processed form of CA2 was detected in isolated chloroplasts under conditions favoring import, and the CA2 precursor polypeptide was susceptible to digestion by externally added thermolysin. These results were also in agreement with subcellular prediction programs, which calculated F. pringlei CA2 to be a cytosolic protein.
One function of C 3 cytosolic b-CAs is likely to be the provision of bicarbonate to PEPC, which is involved in generating carbon skeletons for amino acid synthesis and replenishment of Krebs cycle intermediates (Fett and Coleman, 1994; Raven and Newman, 1994; Chollet et al., 1996) . This PEPC activity would occur in both photosynthetic and nongreen tissues. Transcripts encoding the two Arabidopsis cytosolic CAs, AtbCA2 and AtbCA3, were found in leaves and roots (Fabre et al., 2007) , although AtbCA3 was not detected in several Arabidopsis leaf proteome studies (Giavalisco et al., 2005; Bindschedler et al., 2008; Rutschow et al., 2008) . Under sulfur-limiting conditions, AtbCA3 showed increased expression in roots, leading to the suggestion that AtbCA3 specifically provides PEPC with bicarbonate for elevated respiratory activity under oxidative stress (Maruyama-Nakashita et al., 2003) .
Results of our qRT-PCR assays are consistent with F. pringlei CA2 providing bicarbonate for PEPC in green and nongreen tissues. CA2 is expressed in leaves, and although overall b-CA gene expression levels were comparatively low in the nonphotosynthetic tissues we examined, CA2 transcripts were at least 1 order and 2 orders of magnitude more abundant than CA1 and CA3 transcripts in flowers and roots, respectively. F. pringlei CA2 shows 93% sequence identity with the corresponding F. bidentis protein, which also localizes to the cytosol . Transcripts encoding the F. bidentis CA2 isoform, like F. pringlei CA2 mRNA, were found in all organs examined, supporting the hypothesis that this enzyme is involved in anaplerotic functions. Accordingly, it appears that, as for CA1, CA2 has retained its ancestral C 3 role in C 4 plants. Interestingly, cytosolic b-CAs have been found associated with the plasma membranes of several plant species (Utsunomiya and Muto, 1993; Santoni et al., 1998; Kawamura and Uemura, 2003; Alexandersson et al., 2004; Mongrand et al., 2004; Benschop et al., 2007; Mitra et al., 2007) , and AtbCA4 specifically localizes to Arabidopsis cell membranes (Fabre et al., 2007) . Mongrand et al. (2004) showed that tobacco plasma membrane lipid rafts were enriched in a cytosolic b-CA and an aquaporin, NtAQP1, which has CO 2 transport activity (Uehlein et al., 2003) and decreases the resistance of the envelope to CO 2 (Uehlein et al., 2008) . b-CA has also been implicated as a factor aiding the conductance of CO 2 through the leaf (Cowan, 1986) . Whether cytosolic, membrane-associated, and/ or plastidial b-CA isoforms function along with aquaporins to facilitate CO 2 transport across cell membranes to the sites of carboxylation in the chloroplast is currently being considered.
MATERIALS AND METHODS
Plant Material
Flaveria pringlei plants were grown from seeds or cuttings throughout the year in a naturally illuminated glasshouse with mean temperatures of 26°C/ 20°C (day/night). Plants were fertilized with a slow-release fertilizer, which was replenished every 6 months. Freshly harvested leaves were used for immunocytochemistry. For all other experiments, tissues were harvested, immediately frozen in liquid nitrogen, and stored at 280°C until use. The source of the F. pringlei plants was seeds collected on June 7, 1984, in Oaxaca, Mexico, near the pass between Tamazulapan and Yanhuitlan, Highway 130 (voucher specimen Jones and Jones 187).
Pea (Pisum sativum 'Green Feast') plants were grown for in vitro import assays as described by Tetu et al. (2007) .
F. pringlei Leaf b-CA cDNAs
Total RNA was isolated from approximately 80 mg of F. pringlei leaves (Perfect RNA Mini Kit; Eppendorf), and the poly(A) + RNA fraction was collected using Dynal oligo(dT) 25 -conjugated paramagnetic beads (Merck). An adaptor-ligated leaf cDNA library was constructed using 1 mg of poly(A) + RNA and the Marathon cDNA Amplification Kit (Clontech) and then used to isolate cDNAs encoding b-CA in RACE PCRs. RACE reactions consisted of 400 nM AP1 or AP2 primer (Clontech), 400 nM gene-specific primer (Table II; 5# and 3# RACE CA1-3 primers), 200 mM dATP, dCTP, dGTP, and dTTP, 13 High Fidelity buffer (Eppendorf), 0.5 unit of Triple Master enzyme mix (Eppendorf), and 0.1 volume of the F. pringlei leaf cDNA library. Amplification was done using the following conditions: 95°C for 10 min; five cycles at 95°C for 5 s, 72°C for 3 min; five cycles at 95°C for 5 s, 70°C for 3 min; and 25 cycles at 95°C for 5 s, 68°C for 3 min. Sequences of the amplification products were determined (BigDye Terminator version 3.1 Cycle Sequencing Kit; Applied Biosystems) and analyzed using MacVector 9.0 (Accelrys).
Genomic Southern-Blot Analysis
Genomic DNA was isolated from leaf tissue according to the method of Marshall et al. (1996) , and 10-mg aliquots were digested to completion in separate reactions with EcoRI and XbaI. Genomic DNA fragments were separated by electrophoresis on a 0.8% (w/v) agarose gel and transferred to Hybond N + membranes (GE Healthcare Life Sciences) using alkaline capillary blotting (Sambrook et al., 1989) . A hybridization probe, targeting a conserved region in the F. pringlei CA1, CA2, and CA3 nucleotide sequences, was derived by digestion of F. pringlei CA2 cDNA with HindIII. The resulting 633-bp fragment was labeled with [a-32 P]dATP (DECAprime II; Ambion). Prehybridization, hybridization, and wash steps were done as described by Tetu et al. (2007) .
qRT-PCR Assays
Total RNA was isolated (Perfect RNA Mini Kit; Eppendorf) in duplicate from 80 to 150 mg of leaves, roots, and flowers from three individual F. pringlei plants (plants I, II, and III), and genomic DNA in the samples was removed by digestion with RQ1 RNase-free DNase (Promega) according to the supplier's instructions. cDNA was synthesized using 1 mg of DNase-treated RNA and 20 units of Moloney murine leukemia virus reverse transcriptase (RNase H Minus; Promega) in 13 reverse transcriptase buffer (Promega) containing 1 mM dATP, dCTP, dGTP, and dTTP, 2.5 mM oligo(dT) 15 primer, 5 mM dithiothreitol, and 20 units of RNase inhibitor (RNasin Ribonuclease Inhibitor; Promega). The cDNA was stored in aliquots at 220°C to reduce degradation from repeated freeze-thaw cycles.
A standard template for qRT-PCR was constructed by inserting regions just upstream of the stop codon (CA1) or flanking the stop codon (CA2 and CA3) in tandem into pGEM-T (Promega). These regions share little nucleic acid sequence homology, which facilitated the design of CA gene-specific primers (Table II, qRT-PCR primers) . Using these primers, fragments of 280, 214, and 230 bp were amplified from CA1, CA2, and CA3 targets, respectively. A standard curve was generated for each of the three CA targets using SYBR Green fluorescence (QuantiTect SYBR Green PCR Kit; Qiagen) and the PCR conditions described below with 10-fold serial dilutions of the standard template, after it was linearized by digestion with PstI. The standard curves had regression coefficients of 21.00, mean squared errors of 15% or less, and slopes between 23.2 and 23.9. A slope of 23.32 indicates the PCR is 100% efficient, and deviations from 100% efficiency were calculated by the following equation: PCR efficiency = 10 21/slope -1 (Ginzinger, 2002) .
Quantification of CA1, CA2, and CA3 gene transcripts in F. pringlei organs was done using the LightCycler (Roche) and SYBR Green fluorescence (Qiagen). The qRT-PCR conditions were optimized to an annealing temperature of 62°C, gene-specific primer (Table II, qRT-PCR primers) concentrations of 0.2 mM, and final Mg 2+ concentrations of 3.5 mM for CA1 and CA2 amplification and 5.5 mM for the amplification of CA3 targets. The cycling conditions were as follows: 95°C for 15 min; 95°C for 15 s, 62°C for 30 s, 72°C for 30 s (40 cycles); and single data acquisition. The levels of CA transcripts were calculated using the LightCycler Data Analysis Software version 3.5 (Roche). Melt curve analysis was routinely done following the supplier's instructions (Roche). Amplification products were visualized on ethidium bromide-stained agarose gels to verify the specificity of the products and to correlate product length with melting peaks. As at least three qRT-PCRs were carried out for each of the duplicate cDNA preparations, separate ANOVA (SPSS software) tests were used to examine the variation in transcript abundances between organs with cDNA preparations from the same and from different plants. One-way ANOVA indicated that the CA genes showed significant differences in expression among the organ samples (P , 0.05; data not shown). Similarly, ANOVA demonstrated that distinct cDNA pools from a particular organ of different plants contained significantly different amounts of transcript encoding each CA isoform (P , 0.05; data not shown), whereas ANOVAs comparing duplicate cDNA pools from a particular organ of the same plant showed no significant variation (P . 0.05; data not shown). Thus, this statistical analysis demonstrated that data obtained from the duplicate cDNA pools from a particular organ of the same plant could be combined, whereas data obtained from cDNA pools of a particular organ from different plants could not be combined. Therefore, the results shown represent mean CA transcript concentrations for each plant organ using values obtained from the same plant.
Chloroplast Import Assays
Individual plasmids (0.5-1 mg) containing inserts encoding the ORFs of F. pringlei CA1, CA2, or CA3 and pea Rubisco SSU were used to synthesize precursor proteins in the presence of [ 35 S]Met in a coupled transcription/ translation rabbit reticulocyte lysate system (T N T; Promega) according to the manufacturer's instructions. The isolation of intact pea chloroplasts and in vitro import assays were done as described previously .
